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IDENTIFYING A SEQUENCE OF BLOCKS 
OF DATA T0 RETRIEVE BASED ON A 

QUERY 

BACKGROUND 

[0001] Data is often collected and stored in databases. 
Access to a database is managed by a database management 
system, such as a relational database management system 
(DBMS or RDBMS). To retrieve or update data in a data 
base, database queries, such as Structured Query Language 
(SQL) queries, are submitted to the database management 
system. 
[0002] A database typically includes multiple tables, 
Where each table contains data arranged in roWs and col 
umns. In large databases, tables can be relatively large, With 
some tables having tens of millions to hundreds of millions 
of roWs. In a database management system, tables are stored 
in persistent storage, Which is usually implemented With 
large disk-based storage devices. Persistent storage usually 
has sloWer access speeds than non-persistent storage, such 
as volatile memory in the database management system. 
HoWever, due to higher costs associated With higher-speed 
memory, the storage capacity of higher-speed memory in a 
database management system is usually much smaller than 
the storage capacity of persistent storage. 
[0003] When performing a database operation, portions of 
tables are retrieved from persistent storage into the memory 
of the database management system to alloW for faster 
processing. As the memory ?lls up during the database 
operation, data portions in the memory are replaced With 
neW data portions retrieved from the persistent storage. 
Often, the replacement strategy for replacing data portions in 
memory With neW data portions is a least-recently-used 
(LRU) replacement strategy (or some variation thereof) 
provided by some operating systems or implemented inside 
the DBMS softWare, Which are part of database management 
systems. The LRU replacement strategy removes least 
recently-used data from the memory for replacement With 
neW data. 

[0004] A database operation, such as a join operation that 
joins multiple tables to produce a result, often involves 
repeated accesses to certain roWs of one or more tables. 

Thus, as a database management system proceeds through a 
database operation, and roWs that are in memory are 
replaced With other roWs, the replaced roWs may have to be 
later read back from persistent storage into the memory. 
Repeated retrievals of the same pieces of data from persis 
tent storage to memory, especially if such repeated retrievals 
occur often, Will result in increased I/O (input/output) 
accesses that can reduce performance of the database man 
agement system. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0005] Some embodiments of the invention are described 
With respect to the folloWing ?gures: 
[0006] FIG. 1 is a block diagram ofa database system that 
includes database softWare according to an embodiment; 
[0007] FIG. 2 is a How diagram ofa process performed by 
the database softWare, in accordance With an embodiment; 
[0008] FIG. 3 illustrates star-joining of multiple tables, 
according to an example for Which processing according to 
some embodiments can improve performance; 
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[0009] FIG. 4 illustrates a portion of a bipartite graph that 
represents a relationship betWeen disk pages and a concur 
rent request, in accordance With an example embodiment; 
[0010] FIG. 5 illustrates a bipartite graph that represents 
relationships among disk pages and concurrent requests, 
according to an embodiment; 
[0011] FIG. 6 illustrates a How netWork having vertices 
representing disk pages and concurrent requests to represent 
a maximum ?oW problem, in accordance With an embodi 
ment; and 
[0012] FIG. 7 is a How diagram ofa process of solving the 
maximum ?oW problem, according to an embodiment. 

DETAILED DESCRIPTION 

[0013] FIG. 1 illustrates a database system 100 that has 
database softWare 102 executable on one or more central 

processing units (CPUs) 104. A “database system” refers to 
any system (Which can be implemented in one or plural 
computers) that manages access of data stored in a database. 
A “database” refers to any repository or collection of data. 
The database system 100 can have a centralized architecture 
(in Which a single node is used to implement the database 
system) or a distributed architecture (in Which the database 
system is distributed across multiple nodes that execute in 
parallel). 
[0014] The CPU(s) 104 is (are) connected to a storage 106, 
Which can be persistent storage implemented With disk 
based storage devices (e.g., magnetic or optical disk-based 
storage devices) or other types of storage devices. The 
CPU(s) 104 is (are) also connected to memory 108, Which 
can be volatile memory (also referred to as “temporary 
storage”) implemented With higher-speed storage devices 
(With access speed higher than that of the persistent storage 
106), such as dynamic random access memories (DRAMs), 
static random access memories (SRAMs), and so forth. 
[0015] The persistent storage 106 stores database tables 
110 and indices 111, Which are part of one or more databases 
maintained in the storage 106. In some implementations, the 
tables 110 are relational tables, and the database system 100 
is a relational database management system. Indices 111 are 
data structures supporting fast search through the tables. 
[0016] Access to the tables 110 is achieved by submitting 
database queries, such as Structured Query Language (SQL) 
queries, to the database softWare 102. The database softWare 
102 accesses the tables 110 in response to received database 
queries, Where the accesses include read accesses (to retrieve 
data) and/ or Write accesses (to update, delete, or insert data). 
[0017] In the example embodiment of FIG. 1, database 
queries can be submitted to the database system 100 from 
one or more client stations 112, Which are coupled to the 
database system 100 over a data netWork 114 (e.g., a local 
area netWork, a Wide area netWork, the Internet, etc.). 
Alternatively, database queries can be submitted to the 
database system 100 at a terminal that is directly attached to 
the database system 100. 
[0018] A database query received by the database softWare 
102 is parsed by a parser 116 in the database softWare 102. 
The parser 116 includes an optimizer 118 to perform query 
optimization. The database softWare 102 also includes other 
components 119 (e.g., access layer for accessing tables and 
indices in the storage 106). As part of query optimization, 
the optimizer 118 selects an execution plan (from among 
multiple possible execution plans) for executing the data 
base query received by the parser 116. An execution plan 
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refers to a series of steps that are performed by the database 
software 102 in executing the database query. The optimizer 
118 selects an optimal execution plan based on various 
factors, including statistics relating to characteristics of 
tables that are to be accessed, the characteristics of the 
received database query, and/ or other factors. 

[0019] In accordance With some embodiments, the opti 
mizer 118 interacts With a ranking module 120 (note that the 
ranking module 120 can be vieWed as either separate from 
or part of the optimizer 118) to alloW the optimizer 118 to 
determine an optimal sequence of blocks of data (referred to 
as “data blocks”) to be retrieved from one or more tables 110 

(stored in persistent storage 106) involved in a database 
operation, into memory 108. An optimal sequence of retriev 
ing data blocks from the persistent storage 106 into memory 
108 alloWs increased numbers of requests to be satis?ed 
using the data blocks in memory 108, before such data 
blocks have to be removed from the memory 108 for 
replacement by other data blocks When the memory 108 ?lls 
up, Which Will reduce the number of repeated reads of the 
same data blocks into memory from the storage. 

[0020] The ranking module 120 ranks the data blocks 
based on information associated With the database query that 
is being processed by the database softWare 102. A database 
query typically speci?es the table(s) on Which a database 
operation is to be performed, the type of database operation 
(e.g., select, update, delete under a join of multiple tables), 
predicates that have to be satis?ed, and so forth. The ranking 
module 120 solves a sequence optimization problem to 
alloW the ranking module 120 to identify a ranking of disk 
pages such that the disk pages can be retrieved in an efficient 
order to reduce the repeated reads of the same data blocks 
from persistent storage 106 to memory 108. 
[0021] Based on the ranking performed by the ranking 
module 120, the optimizer 118 is able to determine the 
optimal sequence in Which data blocks are to be retrieved 
from persistent storage 106 to the memory 108. The optimal 
sequence 108 of retrieval of data blocks into memory 108 
reduces the amount of repeated reads of the same data blocks 
from the persistent storage 106. Note that “optimal 
sequence” can refer to either the absolutely best sequence, or 
to any sequence that provides superior performance With 
respect to another sequence (e.g., an approximation of an 
optimal sequence). 
[0022] Effectively, With the ranking module 120 according 
to some embodiments, query optimization by the optimizer 
118 takes into account data block access information (Which 
speci?es the optimal sequence of data blocks to retrieve into 
memory 108), Which is typically unavailable to conventional 
optimizers, Which rely primarily on statistical cost models 
that contain statistics relating to tables and other like infor 
mation. Thus, in accordance With some embodiments, query 
optimization by the optimizer 118 can be performed at both 
a high level (based on statistical cost models) and at a loWer 
level (based on data block sequence optimization). 
[0023] A “data block” or “block” refers to some collection 
of data of some prede?ned size. In the ensuing discussion, 
reference is made to a speci?c example of a data blockia 
disk page, Which is read from or Written to disk as an I/O 
(input/ output) unit. The disk page is a collection of data from 
a persistent storage 106 implemented using a disk (or 
multiple disks). A disk page has a prede?ned size, and can 
include one or more roWs of a table. 
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[0024] In the ensuing discussion, reference is made to disk 
pages rather than to the more generic term “data blocks.” It 
is noted, hoWever, that techniques according to some 
embodiments for disk pages can be applied to data blocks in 
general. 
[0025] In some embodiments, the ordering of disk pages 
can also cluster disk pages on the same disk track closer 
together to improve disk performance. In other Words, in 
retrieving disk pages from disk, disk pages on the same track 
are placed closer together Within the de?ned order to alloW 
for less disk head seek time When retrieving the disk pages 
from the disk-based persistent storage 106. 
[0026] As noted above, the memory 108 is implemented 
With storage device(s) having a faster access speed than the 
persistent storage 106. HoWever, due to cost concerns, the 
memory 108 is usually many times smaller in size than the 
persistent storage 106. As a result, not all data that have to 
be accessed for processing a database query can be ?tted into 
the memory 108 all at once. In accordance With some 
embodiments, the sequence of disk pages based on the 
ranking generated by the ranking module 120 selects the 
order of disk pages that are to be retrieved into memory 108 
to alloW for optimal use of the memory 108 so that the 
database query can be processed in a more efficient manner 
by the database softWare 102. 
[0027] The memory 108 effectively behaves as a cache for 
temporarily storing the disk pages involved in a database 
operation. When processing database queries, the database 
softWare 102 caches disk pages from tables (stored in the 
persistent storage 106) in the memory 108. The caching is 
according to a caching algorithm that takes into account the 
sequencing identi?ed by the ranking module 120. 
[0028] The caching algorithm also speci?es a replacement 
policy When the memory 108 ?lls up and additional disk 
pages have to be retrieved into the memory 108. The 
replacement policy is also based on the ranking performed 
by the ranking module 120. Note that the replacement policy 
used for replacing disk pages in the memory 108 is different 
from the page replacement policy used by an operating 
system 122 in the database system 100. 

[0029] A popular page replacement policy used by some 
operating systems or database management systems is a 
variation of the least-recently-used (LRU) page replacement 
policy. With this policy, the least recently used page in the 
memory 108 is overWritten by a neW page read from 
persistent storage 106. In contrast, the replacement policy in 
accordance With some embodiments, Which is based on 
ranking provided by the ranking module 120, takes into 
account higher-level information associated With the data 
base query that is being processed by the database softWare 
102, Which provides accurate information regarding future 
access of disk pages (note that the LRU page replacement 
policy provides information regarding access of disk pages 
occurring in the past). Using the available information for 
future access of disk pages available in a database manage 
ment system provides the opportunity for large scale opti 
mization of disk page scheduling. 
[0030] Note that the operating system 122, Which is a 
loWer-level softWare layer than the database softWare 102 
(Which is at the application level), typically does not use 
information associated With applications (such as the data 
base softWare 102) for determining a replacement policy. 
Effectively, the caching algorithm for retrieving and replac 
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ing disk pages in the memory 108 is controlled at the query 
processing level rather than at the operating system level. 
[0031] In some embodiments, a particular database query 
is modeled as a sequence of concurrent requests, Where each 
concurrent request involves a request involving tWo or more 
blocks of data from one or more tables 110. For example, a 
sequence of concurrent requests for producing a result for a 
database query can be represented as the folloWing example 
sequence: (a1, a2, a3), (a1, a4), (a2, a3, a6), Where each 
string a_i represents a particular disk page. In the example 
above, (a1, a2, a3) refers to an example concurrent request 
that involves concurrent access of multiple disk pages a1, 
a2, and a3. In one example operation, the database query 
speci?es a join operation, in Which roWs from different 
tables are joined. The indication (a1, a2, a3) means that 
information from disk page a1, disk page a2, and disk page 
a3 have to be available to perform the join operation (or 
other type of database operation). Another concurrent 
request in the above example is (al, a4), Which indicates that 
data from disk pages a1 and a4 are accessed to perform a 
database operation (such as a join). 
[0032] The term “concurrent request” refers to a request 
that concurrently has to access data from multiple data 
blocks (e.g., multiple disk pages) to perform the requested 
operation (e.g., a join operation). For such a concurrent 
request, the multiple data blocks should be in fast memory 
concurrently for optimiZed performance. A sequence of 
concurrent requests refers to some series or succession of 
requests that each involves concurrent access of multiple 
data blocks (e.g., disk pages). 
[0033] One example scenario in Which some embodiments 
of the invention can improve database softWare ef?ciency is 
discussed beloW. Assume that a database query speci?es a 
join of tWo tables (Table A and Table B), Where Table A has 
three pages of data: a1, a2, a3; and Table B has six pages of 
data: b1, b2, b3, b4, b5, and b6. 
[0034] Assume further that the folloWing concurrent 
requests are associated With the join query: 

[0035] (al, b2), (a1, b4), (a1, b5), (a1, b6), (a2, b1), (a2, 
b2), (a2, b4), (a3, b1), (a3, b2), (a3, b5), (a3, b6). 

Also, in the example, the memory 108 holds just three pages 
of data at any time (the small example memory siZe is to 
alloW the example to be more readily understandable). If the 
ranking module 120 is not used, and the LRU page replace 
ment policy of the operating system 122 is used instead, then 
the folloWing sequence of disk reads may occur When using 
the LRU replacement policy: 

[0036] al, b2, b4 (3 pages) a1, b5, b4 (1 page) a1, b5, 
b6 (1 page)—>a2, b1, b6 (2 pages)%a2, b1, b2 (1 page) 
a2, b4, b2 (1 page)—>a3, b4, b1 (2 pages)%a3, b2, b1 
(1 page) a3, b2, b5 (1 page)—>a3, b4, b1 (1 page)—>a3, 
b6, b5 (1 page). 

In the above example, the number of pages read at each step 
is indicated in parentheses. For example, in the ?rst step, 
three pages, including a1, b2, and b4 are read from disk 
(106) to the memory 108. The second step replaces page b2 
With page b5 (Which involves the reading of one page from 
disk to memory). Thus, in the above sequence in Which the 
LRU replacement policy is used, ?fteen page reads are 
performed, but only eight actual pages have to be read. The 
extra seven page reads are due to pages b1, b2, b4, b5, and 
b6 being read into memory from disk more than once. 

[0037] Rather than just rely upon the LRU replacement 
policy of the operating system 122, the ranking module 120 
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according to some embodiments can be invoked to optimiZe 
the sequencing of pages to be read from disk to memory and 
for replacing data in the memory. One such optimiZed 
sequence is as folloWs: 

[0038] al, a3, b1 (3 pages)%a1, a3, b5 (1 page) a1, a3, 
b6 (1 page)—>a1, a3, b4 (1 page)—>a2, a3, b4 (1 
page)—>a2, a3, b2 (1 page)—>a2, a3, b1 (1 page). 

In the optimiZed sequence, a total of nine page reads is 
performed (compared to the ?fteen page reads using the 
LRU replacement policy). In the latter example, Where the 
ranking module 120 is used, only page b1 is read tWice. 

[0039] Note that in the above example, Tables A and B are 
small tables. In actual implementation, each of Tables A and 
B can be relatively large tables that can contain hundreds of 
thousands to hundreds of millions of roWs of data (corre 
sponding to thousands, hundreds of thousands, or even 
millions of pages of data). The U0 savings that can be 
achieved When the optimiZer 118 uses the ranking module 
120 according to some embodiments are much greater When 
applied to such large tables. 
[0040] The above discussion refers to performing optimi 
Zation of the sequence of concurrent requests or disk pages 
(or sequence optimiZation) for a single database query. Note 
that the same optimiZation technique can be applied to 
multiple database queries, Where the concurrent requests for 
the multiple database queries are merged into a stream or 
other collection for processing by the ranking module 120, 
Which ranks the stream or other collection of concurrent 
requests. 
[0041] FIG. 2 shoWs a How diagram of a process per 
formed by the database softWare 102, in accordance With an 
embodiment. The database softWare 102 receives (at 202) a 
database query, Which speci?es a database operation (such 
as a join operation) to be performed on one or more tables 

(referred to as “base tables”). Alternatively, the database 
softWare 102 can receive multiple database queries. The 
received database query(ies) is (are) parsed (at 204) by the 
parser 116 in the database softWare 102. The parser 116 and 
optimiZer 118 identify (at 206) the concurrent requests for 
the database query(ies). The concurrent requests are pro 
duced (at 208) in the form of output roWs for the database 
query(ies) at the index level. An output roW at the index level 
refers to an output roW that contains index keys and corre 
sponding page locations associated With corresponding 
tables that are to be accessed for producing the output. An 
example output roW at the index level is described in detail 
further beloW. 
[0042] An index key refers to some attribute(s) of a base 
table that has been selected to index roWs of the base table. 
For example, a base table may have an attribute (also 
referred to as a column) that is a customer_ID attribute. The 
customer_ID attribute represents different identi?ers asso 
ciated With different customers. If the customer_ID attribute 
is selected as an index, then a separate index table (or index 
structure)_can be created that contains the customer_ID 
values (in some order, such as ascending order), Which each 
customer_ID value associated With some indication (also 
stored in the index table) of the location or locations of roWs 
in the base table that contain the corresponding customer_ID 
value. An index table is typically used to alloW database 
softWare to more quickly ?nd roWs in a base table (While 
reading much feWer number of disk pages) that are respon 
sive to a database query. The output roW at the index level 
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is produced by accessing relevant index tables (associated 
With the base tables involved in a database operation speci 
?ed by the database query). The output roW at the index level 
is contrasted With an output roW that actually contains output 
data from base tables. 
[0043] In some cases, even the number of concurrent 
requests can exceed the siZe of the memory 108, such that 
not all concurrent requests can be processed together. In this 
case, the processing performed by the database softWare 102 
according to some embodiments is segmented into multiple 
batches, Where each batch is for processing a subset of the 
concurrent requests that can ?t Within the memory 108. 
Thus, in accordance With some embodiments, a page sched 
uling procedure 210 is performed for each batch one at a 
time (assuming multiple batches are associated With the 
processing of the database query). In the scenario Where the 
number of concurrent requests can all ?t Within the memory 
108, then processing is performed in just one batch. In the 
latter scenario, the page scheduling procedure 210 Would be 
invoked once rather than iteratively multiple times for the 
multi-batch scenarios. 
[0044] The siZe of each batch (also referred to as the batch 
WindoW siZe) can be tuned (by a user, for example, or by 
softWare) based on the siZe of the memory 108 and speed 
performance tradeolfs of a particular database softWare 
optimiZer being used. 
[0045] In performing the page scheduling procedure 210, 
the disk pages of the batch are ranked (at 212) by the ranking 
module 120. The ranking is of the disk pages identi?ed by 
the output roWs at the index level corresponding to the 
particular batch that is being considered. Note that, as 
discussed above, the ranking by the ranking module 120 is 
performed during query optimiZation by the optimiZer 118. 
Also, a buffer of siZe M in memory 108 is allocated (at 214) 
for the purpose of storing disk pages. The buffer allocated in 
the memory 108 can be smaller than the entirety of the 
memory 108. 
[0046] According to the ranking performed by the ranking 
module 120, the next page (the next highest rank page) is 
read (at 216) by the database softWare 102 into the allocated 
memory buffer. The database softWare 102 next determines 
(at 218) if the memory buffer is full. If not, the step of 
reading the next page of the highest rank is repeated until the 
memory buffer is ?lled. 
[0047] Once the memory buffer is determined to be full, a 
query output is generated (at 220) by the database softWare 
102. Generating the query output refers to performing the 
requested database operation on data contained in the 
memory bulfer. Thus, if the example database operation is a 
join operation, then corresponding roWs that are in the 
memory bulfer are retrieved for joining to produce the query 
output. 
[0048] The database softWare 102 next determines (at 222) 
if more output roWs can be generated using the data that is 
stored in the memory bulfer. If so, another query output is 
generated (at 220). Steps 220 and 222 are repeated until no 
additional output roWs can be generated using the data in the 
memory 108, at Which point the database softWare 102 
determines (at 224) Whether no further pages have to be 
retrieved from persistent storage 106 into memory 108. If 
additional pages have to be retrieved, then the database 
softWare 102 frees (at 226) the buffer space occupied by the 
pages that are no longer needed. Thus, according to some 
embodiments, the replacement strategy of pages in the 
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memory bulfer involves removing the pages that are no 
longer needed (all the concurrent requests that depend on 
such pages have been processed). 
[0049] The database softWare 102 next determines (at 227) 
if the memory buffer is still full. If pages Were removed 
successfully (at 226), then the memory buffer Would not be 
full, and the next page of the highest rank can be read (at 
216). HoWever, in some unlikely scenarios, there may be 
deadlock With all pages in the memory still have remaining 
concurrent request(s) depending on them. In this case, the 
memory bulfer can remain full, in Which case conditional 
re-ranking is performed (at 230) by re-invoking the ranking 
module 120. The conditional re-ranking of the disk pages 
uses the identical algorithm as the ranking performed at 212 
by the ranking module 120, except that concurrent requests 
that have already been served (for Which query outputs have 
already been generated) are removed from ranking consid 
eration. The conditional re-ranking Will adjust rankings of 
the pages such that some of the pages in the memory bulfer 
Will have loWer ranks that can be removed from the memory 
buffer. In this case, bulfer space is freed up to alloW the next 
page of highest rank to be read into the memory buffer (at 
216). 
[0050] The How of FIG. 2 can be considered as a How 
having three phases. Phase 1 involves tasks 202-208, Where 
the result is the generation of output roWs at the index level 
for representing corresponding concurrent requests associ 
ated With the database query. 
[0051] Phase 2 involves the page sequence optimization as 
performed by the ranking module at 212. Phase 3 involves 
the actual page retrieval according to the optimiZed 
sequence of pages, along With generation of the actual query 
output, as performed in tasks 216-230. 
[0052] The general procedure according to some embodi 
ments as discussed above is further discussed in the context 
of the folloWing example. One such example involves a 
star-join query, Which has a fact table that is joined With 
multiple dimension tables, such as that illustrated in FIG. 3. 
The fact table is linked to the dimension tables using a 
primary key/foreign key relationship. An example join query 
is as folloWs: 

Select * 

From FactiTable, DimiTablel, DimiTableZ, DimiTable3 
Where FactiTablekeyl = DimiTablel. keyl 
and FactiTablekeyZ = DimiTableZ. key2 
and FactiTable.key3 = DimiTableEv. key3 
and (other range constraints on the attributes of the dimension 
tables 

and/or the fact table); 

[0053] In the example query above, the “Where” clause 
speci?es a join of roWs from the fact table (Fact_Table) and 
the dimension tables Dim_Tablel, Dim_Table2, Dim_ 
Table3, provided the predicates of the “Where” clause are 
satis?ed (in other Words, key1 of the fact table is equal to 
key1 of dimension table Dim_Tablel, key2 of the fact table 
is equal to key2 of the second dimension table Dim_Table2, 
and key3 of the fact table is equal to key3 of the third 
dimension table Dim_Table3, and the range constraints on 
other attributes that are in the Where clause are satis?ed). It 
is assumed that the compound of key1, key2, key3 has either 
already been or can be extended into a primary key. The 
foreign keys are key1, key2, and key3, While the compound 
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of the three foreign keys that make up the primary key for 
the fact table (referred to as "fact_table_primary_key”) is a 
combination of the three keys: key1, key2, and key3. The 
high dimensional indexing on the compound of the three 
foreign keys can be in a B-tree index format, for example, 
or in another format. A B-tree index is a type of tree 
indexing structure, Which includes a set of linked nodes. 
[0054] Given the above primary and foreign keys of the 
fact table and dimension tables, an output roW at the index 
level is de?ned as folloWs: 

(factitableiprimaryikey, keyl, key2, key3, 
factitableidiskipageilocation, dimitablelidiskipageilocation, 
dimitableZfdiskfpageflocation, dimitable3idiskipageilocation), 

Where fact_table_primary_key is the primary key of the fact 
table, fact_table_disk_page_location is the page location 
corresponding to the particular value of fact_table_primary_ 
key, dim_tablel_disk_page_location is the page location in 
the ?rst dimension table corresponding to the respective 
value of key1, dim_table2_disk_page_location is the page 
location in the second dimension table corresponding to a 
respective value of key2, and dim_table3_disk_page_loca 
tion represents the page location in the third dimension table 
corresponding to a respective value of key3. 
[0055] Note that the above example output roW speci?es a 
concurrent request on four different disk pages (identi?ed by 
the four disk page locations). 
[0056] Using the ranking module 120 according to some 
embodiments, the disk pages are sequenced in such a Way so 
as to maximiZe the number of concurrent requests that can 
be satis?ed by the ?rst n pages read into the memory bulfer. 
MaximiZing the number of concurrent requests that can be 
satis?ed by pages read into the memory buffer is a ?rst 
objective. In some embodiments, once an optimal sequence 
of pages have been identi?ed, the sequence can be further 
re?ned by considering a second objective, namely modify 
ing the sequence of pages locally such that disk pages on the 
same disk track are clustered closer together. If disk pages 
on the same disk track can be retrieved one after another, 
then the seek time involved in reading the disk pages on the 
same disk track can be reduced (since the disk read head 
does not have to be re-positioned radially across the disk to 
seek a different track). The ranking module 120 has access 
to information relating to the organiZation of disk pages and 
disk tracks such that the ranking module 120 can perform the 
further re?nement of the page sequence based on the second 
objective. 
[0057] To visualiZe the concurrent requests, in accordance 
With some embodiments, the concurrent requests can be 
modeled by a hyper-graph that includes vertices and arcs 
containing the vertices. Ver‘tices in the hyper-graph represent 
disk pages of data. Arcs in the hyper-graph represent a subset 
of vertices. An arc in the hyper-graph represents a request of 
a number of disk pages to be available concurrently in the 
memory 108 to generate a roW in the query output. The siZe 
of an arc can include just tWo vertices, Which Will be the 
same as in an ordinary graph model. HoWever, in general, 
the siZe of the arc may represent more than tWo vertices. 
[0058] The hyper-graph model is converted to (or directly 
modeled as) a bipartite graph (V1, V2, E), Where V1 is the 
set of disk pages and V2 is the set of concurrent requests. An 
edge in the bipartite graph is a dependency link betWeen a 
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disk page and a concurrent request, With such an edge 
created for each disk page and each concurrent request. A 
bipartite graph is a graph that has tWo disjointed sets of 
vertices that are separated such that no tWo vertices Within 
the same set are adjacent (in other Words, vertices in the 
same set are not joined by edges). 
[0059] For a given concurrent request and the associated 
disk pages in the example given above, a portion of a 
bipartite graph for a single concurrent request is depicted in 
FIG. 4. The bipartite graph portion depicted in FIG. 4 has 
four vertices 402, 404, 406, 408 representing the four disk 
page locations associated With the four base tables (fact table 
and three dimension tables) that are being joined in the 
example above, and a vertex 410 that represents a concurrent 
request that contains the four disk page locations identi?ed 
by the vertices 402, 404, 406, and 408. Note that the four 
vertices 402, 404, 406, and 408 also constitute vertices of the 
hyper-graph mentioned above, With these four vertices asso 
ciated With an arc in the hyper-graph that represents the 
concurrent request containing the four disk page locations. 
A set of multiple query output roWs (at the index level) form 
a larger bipartite graph, as depicted in the example of FIG. 
5. In the bipartite graph of FIG. 5, vertices 502 represent disk 
pages (or more speci?cally, disk page locations) While 
vertices 504 represent concurrent requests. 
[0060] Note that the bipartite graph depicted in FIG. 5 is 
provided to alloW a user to visualiZe the sequence optimi 
Zation problem (the problem of identifying the optimal order 
of disk pages to be retrieved into the memory 108). To 
actually solve the sequence optimization problem, the opti 
miZation problem is expressed (and approximated) as a 
maximum ?oW problem. A maximum ?oW problem refers to 
a problem of identifying a maximum ?oW from a source 
vertex to a target vertex in a netWork of vertices. As With the 
bipartite graph represented in FIG. 5, the vertices of a How 
netWork in Which a maximum How is to be identi?ed include 
a ?rst set of intermediate vertices representing disk pages 
and a second set of intermediate vertices representing con 
current requests. A maximum ?oW is a How of maximum 
value from the source vertex to the target vertex through the 
intermediate vertices, Where ?oW refers to How of quantities 
betWeen vertices. 
[0061] The folloWing expresses various parameters asso 
ciated With the sequence optimiZation problem. Let p be a 
disk page and r a concurrent request, each r includes a set of 
disk pages. Each disk page is associated With an indicator 
variable xPe{0,l}. The variable xp:l if disk page p is in 
memory 108, otherWise, XPIO. Another indicator variable, 
y,e{0,l}, is associated With each concurrent request. The 
variable y,:l if the request can be served by the disk pages 
that are already in memory 108. HoWever, y,:0 if the request 
cannot be served by the disk pages in memory, Which means 
that at least one of the pages that have to be accessed is not 
in memory. The sequence optimization problem maximiZes 
the number of requests that can be served by the disk pages 
in memory, and is expressed as folloWs: 

(Eq- 1) 
max yr 

y, sxp, When p E r 
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-continued 
yr, xp 6 {0, l} 

Where M is the number of disk pages that ?t into the 
allocated memory buffer (allocated at 214 in FIG. 2). This 
optimization is a greedy-type optimizationimaximize the 
number of roWs in the output for the number of disk pages 
that can ?t into the memory. 

[0062] The model of Eq. 1 has a single, Well-de?ned 
objective of maximizing the number of concurrent requests 
that can be served by the disk pages in memory. The 
maximization is done under a number of constraints: the ?rst 
constraint speci?es that y, can be 1 only if all the pages in 
the request are in memory, the second constraint limits the 
values of the variables to be integers 0/1 only, and the third 
constraint is on the allocated memory buffer size (M). 

[0063] The problem expressed in the format of Eq. 1 is 
relatively dif?cult to solve in its original form. According to 
some embodiments, the model of Eq. 1 is converted to a 
different form to make the model easier to solve. In some 
embodiments, the conversion used is a Lagrangian Relax 
ation (LR) conversion, Which produces the folloWing LR 
problem (or LR model): 

(Eq- 2) 
maxi; y, - Ag] )6, - M1] 

[0064] In Eq. 2 above, the parameter 7» is a Lagrangian 
coef?cient that represents a penalty When the objective of 
maximizing the number of concurrent 20 requests that can 
be served by disk pages in memory is violated. Also, 
Lagrangian Relaxation alloWs for relaxation of variables to 
take continuous values, so that the variables y,, xp are 
alloWed to take continuous values betWeen 0 and 1, rather 
than be restricted to integer values 0 and 1 as speci?ed in Eq. 
1. The LR problem becomes a linear programming problem 
over continuous variables in real numbers. The ranking 
module 120 attempts to ?nd solutions to the problem under 
many different values of M, Which can be considered as a 
parameter of the model. 
[0065] Although possible in some cases (particularly for 
smaller problems involving a small number of concurrent 
requests and disk pages), the LR problem can be solved 
directly. HoWever, for larger problems, solving the LR 
problem of Eq. 2 can be computationally intensive. To more 
ef?ciently solve the sequence optimization problem, the LR 
problem (or LR model) of Eq. 2 is converted to a maximum 
?oW problem. Although some embodiments perform LR 
conversion as an intermediate step prior to conversion of the 
sequence optimization problem to a maximum ?oW prob 
lem, it is noted that the LR conversion can be omitted in 
other embodiments, With a different technique used to con 
vert the sequence optimization problem to a maximum ?oW 
problem. 
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[0066] There are various possible Ways to convert the LR 
problem into a maximum ?oW problem. One conversion that 
can be used is represented by the How netWork of FIG. 6. In 
the How netWork 600 of FIG. 6, intermediate vertices 602 
and 604 connect a source vertex s to a target vertex t. The 

left set of intermediate vertices 602 in FIG. 6 represent disk 
pages, Whereas the right set of intermediate vertices 604 
represent concurrent requests. 

[0067] The vertices of the How netWork 600 are connected 
by arcs (the arcs are directed links), Where each arc is 
associated With a capacity c. In other Words, the arcs 
connecting the vertices of the How netWork 600 are capaci 
tated. An arc of capacity c alloWs a How betWeen vertices 
connecting the arc up to the capacity c. The arcs betWeen the 
disk page vertices 602 and the request vertices 604 are 
de?ned as having in?nite capacity (in other Words, cPJIOO, 
Which represents the request-to-disk page dependencies). 
The capacities of each of the arcs from the source vertex to 
the disk page vertices 602 are equal to the parameter value 
7». The capacity of each arc from revenue vertices 604 to the 
target vertex t is equal to 1 (although the capacities of some 
of the arcs from the concurrent request vertices to the target 
vertex can be set at larger values to assign more Weight to 
such concurrent requests, Which are to be treated as more 
important concurrent requests). 
[0068] To solve the single-parameter maximum ?oW prob 
lem represented by FIG. 6, a simultaneous parametric maxi 
mum ?oW algorithm can be used. In one example imple 
mentation of this algorithm, as summarized in FIG. 7, the 
How in the netWork 600 can be initialized (at 702) to some 
value through the arcs in the netWork 600. Speci?cally, the 
How is pushed from the source vertex s to the target vertex 
t through every arc in such a Way that all arcs from the 
request vertices 604 to the target vertex t become full. Then, 
the How is redistributed (at 704) among the arcs extending 
betWeen the source vertex s and the disk page vertices 602, 
and betWeen the disk page vertices 602 and request vertices 
604. In one embodiment, the redistribution iteratively iden 
ti?es a pair of arcs that have unequal How and then pushing 
?oWs to make their ?oWs as close as possible Without 
causing negative ?oWs on the arcs. The redistribution con 
tinues until no further pairs of unequal ?oWs can be found, 
or until some stopping rule is encountered. The procedure 
above is also referred to as arc balancing or vertex balanc 
ing. At this point, the maximum How in the How netWork has 
been identi?ed. 

[0069] As part of solving for the maximum How, the How 
from the source vertex to each disk page vertex 602 is 
derived. These ?oWs are used to sort (at 706) the disk page 
vertices 602. This sorted order according to the ?oWs over 
the arcs from the source vertex to the disk page vertices 602 
is used by the ranking module 120 as the ranking for the 
corresponding disk pages. 
[0070] Various techniques for ?nding maximum ?oWs in 
single-parameter ?oW netWorks are described in US. Ser. 
No. 11/048,301, entitled “System and Method for Selecting 
a Portfolio,” ?led on Jan. 30, 2005 by Bin Zhang et al.; US. 
Ser. No. 11/340,081, entitled “Determining an Amount of 
FloW Through, or a Cut of, a Parameterized NetWork,” ?led 
Jan. 25, 2006 by Bin Zhang et al.; and US. Ser. No. 
11/159,454, entitled “Determination of a State of FloW 
Through or a Cut of a Parameterized NetWork,” ?led Jun. 
22, 2005, by Bin Zhang et al. 
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[0071] Instructions of software described above (including 
database software 102, parser 116, optimizer 118, and rank 
ing module 120 of FIG. 1) are loaded for execution on a 
processor (such as one or more CPUs 104 in FIG. 1). The 
processor includes microprocessors, microcontrollers, pro 
cessor modules or subsystems (including one or more micro 

processors or microcontrollers), or other control or comput 
ing devices. As used here, a “controller” refers to hardWare, 
softWare, or a combination thereof. A “controller” can refer 
to a single component or to plural components (Whether 
softWare or hardWare). 
[0072] Data and instructions (of the softWare) are stored in 
respective storage devices (e.g., memory 108 and/or storage 
106 in FIG. 1), Which are implemented as one or more 
computer-readable or computer-usable storage media. The 
storage media include different forms of memory including 
semiconductor memory devices such as dynamic or static 
random access memories (DRAMs or SRAMs), erasable 
and programmable read-only memories (EPROMs), electri 
cally erasable and programmable read-only memories (EE 
PROMs) and ?ash memories; magnetic disks such as ?xed, 
?oppy and removable disks; other magnetic media including 
tape; and optical media such as compact disks (CDs) or 
digital video disks (DVDs). 
[0073] In the foregoing description, numerous details are 
set forth to provide an understanding of the present inven 
tion. HoWever, it Will be understood by those skilled in the 
art that the present invention may be practiced Without these 
details. While the invention has been disclosed With respect 
to a limited number of embodiments, those skilled in the art 
Will appreciate numerous modi?cations and variations there 
from. It is intended that the appended claims cover such 
modi?cations and variations as fall Within the true spirit and 
scope of the invention. 

What is claimed is: 
1. Amethod, executable in a database system, comprising: 
receiving at least one query that speci?es requests involv 

ing blocks of data; 
identifying a sequence relating to an order in Which the 

blocks are to be retrieved into a storage for processing 
the requests, Wherein identifying the sequence is based 
on the at least one query; and 

providing an output for the at least one query based on 
retrieving the blocks into the storage according to the 
identi?ed sequence. 

2. The method of claim 1, Wherein the storage comprises 
a temporary storage, and Wherein the identi?ed sequence is 
related to the order in Which the blocks to be retrieved from 
a persistent storage to the temporary storage for processing 
the requests, and Wherein providing the output for the at 
least one query is based on retrieving the blocks into the 
temporary storage according to the identi?ed sequence. 

3. The method of claim 1, Wherein receiving the at least 
one query, identifying the sequence, and providing the 
output is performed by database softWare, and Wherein the 
identifying is performed as part of query optimiZation per 
formed by an optimiZer in the database softWare. 

4. The method of claim 1, Wherein identifying the 
sequence comprises ranking the blocks by solving a problem 
that maximizes a number of the requests that can be served 
by the blocks in the storage. 

5. The method of claim 4, Wherein solving the problem 
comprises solving a maximum ?oW problem. 
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6. The method of claim 5, Wherein the maximum ?oW 
problem is represented by a How netWork having a source 
vertex, a target vertex, a ?rst set of intermediate vertices 
linked to the source vertex to represent blocks of data, and 
a second set of intermediate vertices linked to the target 
vertex to represent the requests, Wherein solving the maxi 
mum ?oW problem comprises identifying ?oWs from the 
source vertex to the ?rst set of intermediate vertices, Wherein 
the ?oWs are indicative of the order of the blocks. 

7. The method of claim 1, Wherein the storage comprises 
a temporary storage, and Wherein the identi?ed sequence is 
related to the order in Which the blocks to be retrieved from 
a persistent storage to the temporary storage for processing 
the requests, Wherein the blocks comprise disk pages, and 
the persistent storage comprises a disk-based persistent 
storage having disk tracks, and Wherein identifying the 
sequence comprises identifying the sequence in Which disk 
pages on one disk track are clustered closer together in the 
sequence. 

8. The method of claim 1, Wherein identifying the 
sequence is based on solving a model that represents the 
requests as concurrent requests, each concurrent request 
specifying concurrent access of plural blocks of data. 

9. The method of claim 1, Wherein identifying the 
sequence reduces a number of repeated retrievals of the 
same blocks into the storage. 

10. The method of claim 1, further comprising caching the 
blocks of data in the storage according to the identi?ed 
sequence that is based on information associated With the at 
least one query, Wherein the caching uses a replacement 
policy for replacing blocks of data in the storage that is 
different from a replacement policy provided by an operat 
ing system in the database system. 

11. The method of claim 10, Wherein using the replace 
ment policy comprises using a replacement policy that 
removes blocks for Which requests that depend on such 
blocks have been processed. 

12. The method of claim 1, Wherein identifying the 
sequence of blocks of data is based on a stream of the 
requests speci?ed by the at least one query, the method 
further comprising: 

dividing the stream into plural batches, Wherein identify 
ing the sequence and providing the output are itera 
tively performed one batch at a time. 

13. The method of claim 1, Wherein receiving the at least 
one query comprises receiving plural queries, Wherein each 
of the queries speci?es corresponding requests, the method 
further comprising merging the requests of the plural queries 
into a collection, Wherein identifying the sequence is based 
on the collection of the merged requests. 

14. A method executable in a database system, compris 
ing: 

caching blocks of data associated With processing a 
database query in a temporary storage; and 

replacing at least some of the blocks of data in the 
temporary storage using a ?rst replacement algorithm 
that is based on information associated With processing 
the database query, Wherein the ?rst algorithm is dif 
ferent from a second replacement algorithm used by an 
operating system of the database system. 

15. The method of claim 14, Wherein replacing the at least 
some of the blocks of data in the temporary storage using the 
?rst replacement algorithm comprises replacing using the 
?rst replacement algorithm that is based on Whether requests 
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speci?ed by the database query that depend upon the at least 
some of the blocks have already been processed. 

16. The method of claim 14, further comprising the 
database software ranking the blocks that are involved in a 
database operation speci?ed by the database query to maxi 
miZe a number of requests of the database operation that can 
be served by the blocks in the temporary storage. 

17. The method of claim 16, Wherein ranking the blocks 
is based on solving a maximum ?oW problem represented by 
a How netWork having a ?rst set of vertices representing the 
blocks and a second set of vertices representing the requests. 

18. Instructions on a computer-usable medium that When 
executed cause a database system to: 

receive at least one query that speci?es requests involving 
blocks of data; 

identify a sequence relating to an order in Which the 
blocks are to be retrieved into a storage for processing 
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the requests, Wherein identifying the sequence is based 
on information associated With the at least one query; 
and 

provide an output for the at least one query based on 
retrieving the blocks into the storage according to the 
identi?ed sequence. 

19. The instructions of claim 18, Wherein receiving the at 
least one query comprises receiving plural queries, Wherein 
each of the queries speci?es corresponding requests, the 
instructions When executed causing the database system to 
further merge the requests of the plural queries into a 
collection, Wherein identifying the sequence is based on the 
collection of the merged requests. 

20. The instructions of claim 18, Wherein identifying the 
sequence comprises solving a problem that increases a 
number of requests that are served by blocks of data in the 
storage before blocks of data are removed from the storage. 

* * * * * 


